UHWERSITA
| DEGLI STUDI
DI TORINO

[T1S AperTO

AperTO - Archivio Istituzionale Open Access dell'Universita di Torino

Mesoporous nanocarriers for the loading and stabilization of 5-aminolevulinic acid

This is the author's manuscript

Original Citation:

Availability:
This version is available http://hdl.handle.net/2318/1616076 since 2016-11-24T12:09:26Z

Published version:
DOI:10.1007/s11051-016-3535-6
Terms of use:

Open Access

Anyone can freely access the full text of works made available as "Open Access". Works made available
under a Creative Commons license can be used according to the terms and conditions of said license. Use
of all other works requires consent of the right holder (author or publisher) if not exempted from copyright
protection by the applicable law.

(Article begins on next page)

19 April 2024



UNIVERSITA
DEGLI STUDI
DI TORINO

115 AperTO

Thisisthe author'sfinal version of the contribution published as:

Miletto, Ivana; Bottinelli, Emanuela; Siviero, Andrea; Fabbri, Debora; Calza,
Paola; Berlier, Gloria. Mesoporous nanocarriers for the loading and
stabilization of 5-aminolevulinic acid. JOURNAL OF NANOPARTICLE
RESEARCH. 18 (8) pp: 1-10.

DOI: 10.1007/s11051-016-3535-6

The publisher's version is available at:
http://link.springer.com/10.1007/s11051-016-3535-6

When citing, please refer to the published version.

Link to thisfull text:
http://hdl.handle.net/2318/1616076

Thisfull text was downloaded from iris - AperTO: https://iris.unito.it/

iris - AperTO

University of Turin’s Institutional Research Information System and Open Access Ingtitutional Repository




M esoporous Nanocarriersfor the Loading and Stabilization of 5-aminolevulinic

acid

lvana Miletto®* , Emanuela Bottinelli, Andrea Sviero, Debora Fabbri, Paola Calza and Gloria

Berlier

Universita degli Studi di Torino, Dipartimento dhithica, Via Pietro Giuria 7, Torino, Italy.

¢ Present address: Universita del Piemonte Orierliaggrtimento di Scienze e Innovazione

Tecnologica, Viale Teresa Michel 11, Alessandtizly!

CORRESPONDING AUTHOR:

Dr. lvana Miletto, Universita del Piemonte OriestaDipartimento di Scienze e Innovazione

Tecnologica, Viale Teresa Michel 11, Alessandtiay!|

Tel: +39 011 360 418; E-mail: ivana.miletto@uniupo.



ABSTRACT

Mesoporous nanoparticles bearing different surfanetionalization were proposed as host
carrier for the loading and stabilization of 5-aolevulinic acid: unmodified mesoporous silica
nanoparticles exposing native silanols and amirmygnaethoxysilane grafted mesoporous
silica nanoparticles exposing amino groups. Theitaong of 5-aminolevulinic acid stability
over the different steps of drug loading was cdraat by electronic and vibrational
spectroscopies. Unmodified mesoporous nanoparticées found to be a host system ensuring
the stability of 5-aminolevulinic acid and its dadility as protoporphyrin IX precursor, whilst
silica surface exposing amino groups was foundramgly favour the dimerisation of 5-
aminolevulinic acid to the derived compound pyrazh5-dipropionic acid which is considered
to be the major degradation product in aeratedisalsiand it is no longer active as precursor of
protoporphyrin IX. This phenomenon is interpreteddarm of the basic character of amino-

modified silica.

Keywords: 5-aminolevulinic acid, mesoporous silica nanophasicdrug loading, drug delivery,

photodynamic therapy photosensitizer precursors



1. INTRODUCTION

5-Aminolevulinic acid (ALA, 5-amino-4-oxopentanacid) is a naturally occurring
intermediate in the haem-synthesis pathway andrnswonly used as photosensitiser precursor
in photodynamic detection (PDD) and therapy (PMkes 2013; McCarron 2008; Allison
2004) High intracellular concentrations of ALA lead taethiosynthesis of the endogenous
photosensitiser protoporphyrin IX (PpIX) (Collaudd2; Allison 2005) and the subsequent
irradiation with visible light leads to singlet aggn production and cell death through varying
degrees of apoptosis and necr@gsennedy 1990; Li 2014).

Although ALA metabolism is mainly associated witpiatic and erythrocyte metabolism
through ALA synthase (ALAS) 1 and 2, respectivehys metabolism can take place in any
tissue of the human body due to the ubiquitari@semce of ALAS 1(Hunter 2011). Under
normal conditions, the enzymes ALAS 1 and ferroatasle, which is responsible for the
conversion of PpIX into haem, are the two ratetiimgj enzymes in haem synthesis; it is
nevertheless true that exogenous ALA administrabiypasses ALAS regulation and saturates
ferrochelatase, thus leading to PplX accumulatiarhimer 2008; Hryhorenko 1998). Since
ALA is preferentially uptaken by cells with elevdtmetabolic activity, such as cancer cells, the
administration of ALA results in a valid cancer-sifie PTD approach.

In the last decades ALA has been successfully imstk diagnosis and treatment of various
cancer and precancerous lesions, including balialoagcinoma (Morton 1998), actinic
keratosis (Jeffes 1997), Bowen'’s dise@ables 1997), vulval intraepithelial and squammelk
carcinoma (MacCarron 2003; MacCarron 20é8Hvell as, more recently, non dermatologic
organ systems, such as breast, lung, bladdergpeostnal cancer (Millon 2010; Lam 1994;
Grossman 2007; Adam 2009; Popken 1999; Hoda 20@Dyentral nervous system neoplasias
(Eljamel 2008).

Despite ALA is a small molecule, the hydrophilicdawitterionic character drastically limits



its permeation through skin and its diffusion thgbuiological barriers, such as the stratum
corneumYang 2013; Van den Akker 2000). As a consequentéanportant limitation of

topical ALA based PDD and PDT is that the amourftuairescing and photosensitizing PpIX
formed is limited; hence, high ALA doses have tapelied in order to achieve sufficiently
high PplX levels suitable for PDT (Cairnduff 19®keimies 1994). Furthermore, the stability
of ALA in non-biological, agueous systems, suclliag delivery vehicles and formulations
having pH of 6 or above, is notoriously poor ankicis been evidenced to be dependent on pH,
concentration, temperature and degree of oxygamafithe solution (McCarron 2005; Gadmar
2002; Novo 1995; Novo 1996). At pH values abovheéformation of derived compounds
which are no longer active as precursors of th&XPpbtrongly promoted; in 1995 the pathway
leading to the inactivation of ALA in solution wasoposed by Novo et co-workers (Novo
1995). As shown in Scheme |, when ALA is in itsam¢ form the interaction between ALA
molecules is favoured and deprotonation of the argimoup allows cyclisation with the ketone
group of the neighbouring molecule with subseqéembation of 3,6-dihydropyrazine 2,5-
dipropionic acid (DHPY). Further oxidation leadspgrazine-2,5-dipropionic acid (PY) which

is considered to be the major degradation produaerated solutions.

Scheme 1 Proposed mechanism for the dimerization of 5-AbADHPY and subsequent

conversion to PY
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A reduction in pH enhances stability as the angraup is protonated and thus it is not readily



reactive towards cyclisation; ALA, in fact, was falito be stable over long periods when
buffered at pH lower then 3, even if stored at 5¢BGsson 1999). This range of acidic pH,
however, is not optimal for the topical adminisoatof ALA, as the probability of cutaneous
irritancy is high. It is then of outstanding impamte to find new methods for the improvement
of ALA stability as well as to help it pass througtophilic barriers. The use of suitable carriers
is one of the most promising approaches for impmg\solubilisation of drugs (Faruki 2013),
protecting labile molecules (Berlier 2013; Berl@013; Pinto Reis 2013; Ambrogi 2007) and
enhancing permeability through biological barrigviattheolabakis 2012). Despite porous silica
based materials have been widely employed as haserias for drug delivery systems
(Tripathi 2014; Zhu 2014; Kwon 2013), at the besbar knowledge only one report is present
in recent literature about the use of silica basaterials for ALA storage and delivery (Mottier
2011). In this work we proposed the use of MCM4fdetynesoporous silica nanoparticles as
host for ALA stabilization and delivery; differeatrface functionalizations were explored with
the aim of identifying which architecture ensurbe best environment for ALA hosting and
stabilization.

The focus was on the physical-chemical aspectseohost-guest interaction, which were

investigated by electronic and vibrational spectopses.

2. EXPERIMENTAL SECTION
2.1 Materials

Sodium dihydrogen phosphate monohydrate, sodiunolygth phosphate monohydrate,
sulphuric acid (96%), sodium tetraborate hydragerdchloric acid (37%) and sodium
hydroxide were purchased from Carlo Erba. 5-amimaléinic acid hydrochloride and all the
other reagents and solvents were purchased fromaSfddrich (Italy) and used as received.
Ultrapure water was produced using a Milli-QTM syst(Millipore). Aqueous solutions were
prepared with ultrapure water Millipore Milli®® (TOC < 2 ppb).

Mesoporous MCM41 type silica nanoparticles wergared and functionalized as previously



reported (see paragraph S1 in the'HSI details) (Miletto 2012; Radu 2004). Two diféet
samples were prepared which differ for the surfgoeups exposedi) non-functionalized
mesoporous nanoparticles, exposing native silanolps (hereafteMSN); ii) mesoporous
nanoparticles functionalized with aminopropyltrietlgsilane, exposing amino groups (hereafter

aminoMSN).

2.2 Methods

UV-Vis absorption spectra were recorded with a #faiCARY 100 Scan UV-Vis

spectrophotometer.

2.2.1 Preparation of the ALA-MCM 41 nanoparticles complexes

100 mg ofMSN/aminoMSN were outgassed for 2h at 120°C and then they adgted to a
solution of 100 mg of ALA in 2 ml of deionized wat&he suspension was stirred at 5°C for 24
h, and then the solid was recovered by centrifogadnd dried at room temperature (r.t.) under
vacuum for 24 h. Thermo gravimetric analyses wareied out in order to evaluate the actual
ALA loading in each sample. The complexes betwekA And the two different MCM41

nanoparticles samples will be hereafter addressasitd A-MSN andALA-aminoMSN.

2.2.2 Characterization of parent and ALA loaded M SN

High Resolution Transmission Electron MicroscopR(HEM) investigations were carried out
on a JEOL 3010-UHR instrument (300 kV acceleragotential; LaB6 filament). For the
measurements the MSN powders were dispersed gopeicgrid coated with a perforated
carbon film. The average size of MSN was obtainedbasuring ca. 300 particles, and the
mean particle diameter (dm) was calculated.s&xdini/Zn;, where nwas the number of
particles of diameter;dT he result is indicated as.££5TDV).

Specific surface areas (SSAs) were measured:[adBbrption-desorption isotherms at 77K



using a Micromeritics ASAP2020 instrument. The S&i#s calculated by the Brunauer-Emmet-
Teller (BET) method and the average pore size daogto the Barrett-Joyner-Helenda
method, employing the Kruk-Jaroniec-Sarayi equatiomthe adsorption branch of the
isotherms. Before analysis the samples were owdads.t. overnight.

Powder X-ray diffraction (XRD) patterns of MSN warellected on a PANalytical X’Pert PRO
instrument operating with Cu Ka radiation (1.54 dénerated at 45 kV and 40 mA.

Thermal gravimetric analyses (TGA) were carriedaut TAQ600 (TA instruments) by
heating the samples, after equilibration, from@Q@00°C at a rate of 10°C/min. Once the
target temperature was reached, an isotherm wa®rdd min in air in order to burn
carbonaceous residues from pyrolysis reactions.

Fourier Transform InfraRed spectra (FTIR) were rded on a Jasco-6100 spectrometer
equipped with a DTGS detector, working with 4trasolution over 64 scans. Samples were in
form of self-supporting pellets suitable for transsion IR experiments and placed in a quartz
cell equipped with KBr windows and designed for ®ilidies in vacuum and in controlled
atmosphere. Before analysis, the samples were sagdaat RT to remove physically adsorbed

water.

2.2.3 ALA derivatization for HPL C determination

Preliminary tests of ALA derivatization were perf@d following the procedure available in
the literature (Mottier 2011). This method alloworking in 0.2 M sulphuric acid, thus
avoiding the degradations of substrate; modificetiovere applied to the original method in
order to optimize the derivatization procedure. 8M0of ALA standard solution was added to
the following reagents: 400 ml of borate buffer M2dissolved whit a solution 0.1 M NaOH,
400 mL of a solution 0.1 M NaOH and 400 mL of 2.Mrluorescamine solution. The reaction
was run for 20 min at room temperature. Lineargydted as R2) of calibration curves was
evaluated by linear regression analysis, which ealsulated by the least square regression

method.



2.2.4 Release

In order to evaluate the release of ALA frétnA-MSN andALA-aminoMSN, 2 mg of
mesoporous material were suspended in 2 ml of pisgdeent and stirred for 2 hours. The
solvents employed were phosphate buffer (pH= H@Ir0.01 M (pH=2).

The suspension was then centrifuged for 15 mirb@0Q rpm and the supernatant was
subjected to derivatization, following the procesloptimized as reported in paragraph 2.2.3.
The quantification of ALA was performed using a HPRgilent 1100/1200, equipped with
RP-C18 column (Lichrospher, 4 mm i.dx125 mm longnbpatrticle size from Merck)
thermostated at 25°C and a fluorescence detegtononitoring emission at 480 nm upon
excitation at 395 nm. Elution was carried out us30¢70 v/v acetate buffer (pH=3)/acetonitrile
at a flow rate of 0.5 mL/min.

All experiments were run in triplicate; the datpaded are the average of three replications of

the release tests.

2.3RESULTSAND DISCUSSION
2.3.1 Stability of ALA in solution

It is known by the literature that at pH<4.5 ALAwsgpus solutions are stable within 6 hours,
and the absorption spectrum is characterized lmyrgponent centred at 265 nm; this component
could be assigned to the>m* transition of carbonyl groups (Mottier 2011). $eal studies
(Gadmar 2002; Novo 1996; Elfsson 1999; Bunker 200@erlined the instability of ALA in
aqueous solution, in particular at pH> 5. The gpectof ALA dissolved in water and basified
up to pH 6 is characterized by an absorption bardred at ca.275 nm, which, according to
literature (Hunter 2005), can be ascribed to thiem&ion of PY. As mentioned before, in fact,
when ALA is in its anionic form the interaction taeten ALA molecules is favoured and lead to
the formation of cyclization products such as DH&d PY, the latter being considered to be
the major degradation compound in aerated solutibhe pH dependence of ALA degradation

can be explained on the basis of the acid-basdil@tpiof this aminoacid: at acidic pH the



amino group of ALA is protonated so preventing thecurrence of condensation (Bunker
2000).

The extent and rate of ALA degradation also depemdés concentration and temperature.
Therefore, we carried out preliminary experimentsiider to identify the proper conditions for
preparation, storage and analysis of the samples.

The UV-Vis spectra of ALA solutions were recordednareasing times after their preparation,
at r.t., in different milieus (water or phosphatdfer solution), at pH=2 and 7, and at
concentration ranging from 1.5x4@ 1.5x1¢ M.

At the lowest concentration of ALA tested (1.5%1®1) the spectrum showed a significant
modification only after 48 h at pH = 7, with thepgarance of a shoulder at 275 nm. This peak
could be attributed to the formation of a dimeii@atproduct, namely PY, already observed in
alkaline solutions by Granic and Mauzerall (1958).

At higher ALA concentration (1.5 x10M) at pH=7, the peak at 275 nm appears after byily
hours, underlining that the ALA degradation is sgly dependent on the substrate
concentration. Conversely, at pH=2 no changesdrsgiectrum can be seen within 48 hours

after the preparation of solutions (see Figure $2the ES).
2.3.2 Optimization of the derivatization procedure

Due to the non-fluorescent nature of ALA, the monitg and quantification of release via
HPLC coupled with fluorescence detector is possinly upon derivatization of ALA with a
fluorescence probe, such as fluorescamine. Thevadimation procedure was optimized and
calibration curves were plotted.

Starting from the method described by Mottier (20Mhere 0.2 M sulphuric acid was
employed, we tested different acids and conceantrgfiwith the aim of obtaining an analytical
procedure with increased linearity and sensibilkg. already stated, previous studies on ALA
pH stability showed that it is stable atpH. This allows lowering the acid concentratiormiro

0.2 M to 0.01 M, with a gained sensibility (seelfgy 1), as high concentrations of anions are



known to induce a quenching in fluorescence (Ale@nBoaras 1979).
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Figure1 Calibration curve of ALA in different aqueous siduns

The influence of different anions on the fluoreszenignals was also investigated; solutions of
ALA were prepared at pH 2 in sulphuric acid androgtiloric acid or at pH7 in buffer solution
(phosphate buffered saline, PBS) and subsequesttiyatized with fluorescamine; results are
plotted in figure 1.

The highest sensibility was achieved in the presexidiydrochloric acid, whereas the slope of
PBS calibration curve was the lowest. This ressltin accordance with what reported in
literature about the quenching effect of anionssgthosphates) on the fluorescence of several

molecules (Granick 1958).
2.3.3 Characterization of parent and ALA loaded M SN

Irrespective of the surface functionalization, thained materials exhibited quasi-spherical
particle morphology with an average particle sizeao 100+23 nm and regular and ordered
cylindrical channels with hexagonal symmetry. bjufie 2 representative HRTEM images of

parent and ALA loaded MCM41 nanoparticles are regabr



Figure2 HRTEM images of parenAAj and ALA-loaded B) MSN

According to the results from gas-volumetric ana$ysas expected MSNs showed a type IV
isotherm, typical of mesoporous materials with dimaensional cylindrical channels
(Rouquerol 1999; Kozlova 2010) and a SSA of ca0lflg with average pore diameter of ca.
3.4 nm, in the case of the as-synthesized mat€rable 1, see figure S3-1 in the ESor
details). A slight decrease in SSAs and average giameters were detected in the case of the
functionalized materials. The loading of ALA causedecrease of textural properties in both
cases, but in a quite drastic amountAibA-aminoMSN complex. The maintenance of the
regular mesoporous structure after functionalizatiod loading was assessed also by HRTEM

and XRD analysis (see figure S3-2 and S3-3 in BE f6r details).

Table 1 Volumetric data of parent MSN and derived drug-pteres

Volumetric data
Sample SSA Cumulative Pore | Average Pore
(m?/g) Volume (cni/g) | diameter (nm)
MSN 1011 1.68 3.4
aminoMSN 920 1.23 2.7
ALA-MSN 879 0.43 3.2
ALA-
aminoMsN ~90 ~0.27 2.3

Actual loading values, evaluated by thermo graviloetnalysis, are reported in table 2, along

with the release values, analysed by HPLC. Theimdddoadings were found not to be severely



dependent on the functionalization of the mesop®arrier and were found to be around 10
wt%. This value is interestingly higher than thd%.wt% loading obtained by Ma and co-
worker (2015)n the case of loading of ALA in hollow mesopor@ystems.

The release tests were carried out in two diffeeswironments: PBS buffer (pH 7) and
hydrochloric acid solution at pH=2. The 65% and 7&Rthe loaded drug was released in PBS
from theALA-MSN andALA-aminoMSN, respectively. Conversely, the extraceéfitciency of
hydrochloric acid is low: approximately the 27%tloé loaded ALA is released froALA-MSN
complex and only the 25% of the loaded drug isasdd from the complex in the case of the

amino-functionalised nanoparticles.

Table 2 Loading and release data

Loading Release
Sample WIW* % PBS (pH=7) HCI (pH=2)
g w/w* % g w/w* %
ALA-MSN 10.0 1.3x16+7.8x108 6.5 7.9x167+3.9x10° 2.69
ALA- 9.7 1.4x1047.7x10° | 7.1 3.5x16+2.0x10° 175
aminoMSN

* weight of 5ALA per weight of complex

In order to monitor the stability and integrity AEA during the preparation of the complexes,
UV-Vis measurement on the ALA solutions and ongbhpernatants after the loading
procedures were carried out. Furthermore, the cexegALA-MCMA41 nanoparticles were
characterized by DR-UV-Vis and FT-IR spectroscapgilider to assess the integrity of the
ALA within the pores of MCM41 nanoparticles andriwestigate the drug-carrier interactions,
respectively.

In order to exclude any influence of the mesopolmst on the pH of the loading solutions, pH
of the distilled water used in this experiments ahthe MCM41 nanoparticles suspensions
were measured. The registered values are reportathle 3, along with the pH values

measured on the ALA water solution and on the swgiants after the loading step.



Irrespective of the functionalization, the preseot®SN was found not to have significant
influence on the pH of the aqueous solution, whigls always approximately 6.7-6.8. The pH
of the loading suspensions was the same of thersatamts collected after the complexation
step, and it was slightly different as a functidrth@ functionalization but always in a pH range

which ensure the stability of ALA.

Table 3 pH values measured

pH
water 6.71
5-ALA in water 191
MSN in water 6.68
aminoMSN in water 6.85
ALA-MSN in water — SUPERNATANT* 1.97*
ALA-aminoMSN in water — SUPERNATANT* 3.78*

* the pH value measured on the supernatant wasatine measured on the
suspension during the loading procedure

The absorption spectra of the supernatants (figa)eare characterized by the same component
at 265 nm as for the ALA solution in water; thisul suggests that the choice of deionized
water at acid conditions as solvent ensures a gootitol on the stability of the drug during the
loading procedure, which was not achieved whemethaas used. In fact, ALA was found not
to be stable in ethanol, as the pH of the ALA solutand of the supernatants was around 5.8
and absorption spectra clearly evidenced the foomatf dimers (peak at 275 nm ascribable to

PY)[see figure S4-1 in the ESbr further information].
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Figure 3 A) UV-Vis absorption spectra of ALA in water (bkselid line) and supernatant after
loading of ALA-MSN (black-dashed line) am_A-aminoMSN (red-dotted line); B) DR-UV-Vis
spectra of ALA (blue-solid line) and complex&isA-MSN (black-dashed line) andl A-

aminoMSN (red-dotted line)

Despite the spectra acquired on the supernataatgeshthat ALA stability was ensured in the
loading environment, the DR-UV-Vis revealed thattire case ofamnoMSN the surface
features of the mesoporous silica promoted the dbon of dimerization/degradation
compounds that are no longer active for PDT apiitina. As it can be seen in figure 3B, DR-
UV-Vis spectrum measured on thd A-MSN sample is characterised by a single main
component centred at ca. 270 nm, which can bebasttio the ®x* transition of carbonyl
groups of ALA which is red-shifted with respectvafiat found in solution due to the interaction
with the silica surface (Viseu 2003Jonversely, the spectra of t#AA-aminoMSN sample
present absorption features centred at 275 nm, aftiiohgp with the presence of dimers or
degradation compounds.

In order to have a better insight into the struaitimtegrity of ALA when in interaction with the



silica surface of non-functionalised and functiesed MSN, a FT-IR study was carried out. In
figure 4 the infrared spectra of varioAdA-MCM41 nanoparticles complexes are reported
(curve a refers t&LA-MSN and curve c refers tLA-aminoMSN) and compared to the spectra
of the unloaded inorganic matrices (curve b refefdSN and curve d refers @minoMSN) and

of the ALA itself (curve e in figure 4; see paragnaS5 in the ESIfor the detailed infrared
spectroscopy characterization of ALA). At high fuegcy (figure 4, section A) the infrared
spectra of both the parent and the complexed MSNdaminated by the broad absorption
centred at 3500 ctndue to stretching of Si-OH groups involved in lyglEn-bonding together
with hydroxyl groups of adsorbed water (Braschi 201In the complexes, the OH stretching
signal of isolated surface silanols that can beentesl at 3745 crhon parent MSNs decreases
in intensity, thus indicating that they are invalvia the interaction with carboxylic, ketone and
amino groups of ALA.

Due to the broad O-H stretching band mentionedrbefbis not easy to clearly identify all the
signals of 5-ALA in this region. Signals due to syatric and antisymmetric stretching of BH
groups which can be found in the 3000-3100'¢ange in the FTIR spectrum of ALA (curve
e), as well as the complex pattern expected in2¢@-2800 cm range due to combination
mode of C-O stretching and O-H deformation (Chef30are barely visible in the FTIR
spectrum of the ALA-MSN complex. In the caseAtfA-aminoMSN the signals in the same
region are not easily ascribable to the drug, ascturier itself is bearing analogue signals,

being functionalized with aminopropylic chains.
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Figure4 FTIR spectra oALA-MSN (curve a) and\LA-aminoMSN (curve ¢) complexes, of the
corresponding un-loaded materitMSN (curve b) ancaminoMSN (curve d) and of ALA in KBr

(curve e). A) High frequencies range; B) Low freqgies range.

The low frequency range (figure 4, section B) pded more interesting insights into the drug-
carrier interactions that take place in the différ@omplexes. In the infrared spectrum of the
ALA-MSN complex the signal at 1729 ¢ris assigned to C=0 stretching of the ketone gafup
ALA; the breadth and asymmetry of the signal sugtiespossible contribution of the C=0
stretching of the carboxylic acid group to this hacomponent which is clearly visible in the
spectrum of ALA diluted in KBr. Signals ascribalidethe antisymmetric and symmetric modes
of NHs" groups are expected to be in the 1660-1590 and 1550-1486 crhrange

respectively; on such a basis the components &-1560 crt and the broad band at 1600tm
in the spectra of ALA itself and of tlLA-MSN complex respectively were assigned4diHs
and the band found at 1492 ¢im the spectrum of ALA and at 1498 ¢rim the spectrum of the

complex tod:NHs. Additional signals, due to bending modes of.CH!28 and 1402 c®) and



C-0O bond (1390 cr of ALA, are present.

In the case of thALA-aminoMSN complex, the modification induced to the infrapadtern of
ALA in the low frequencies region is more severbeTstretching band of C=0 bond is less
intense, more broad and highly asymmetric and a s&wof signals in the 1680-1470 €m
range arises, with main components centred at 18882 and 1513 cfa These frequencies
are typical for aromatic ring vibrations (C=C andNCstretching in aromatic rings) and fully
compatible with the hypothesis drawn before abbatformation of PY when ALA is loaded
within aminoMSN. This phenomenon could be ascribed to the prammatf the aminopropyl
groups of silica (Tataurova 2012; Rosenholm 20@8pmeting with the cationic/zwitterionic
form of ALA. This could favour the formation of am species, which can then dimerize. This
interpretation is supported by the increase in fideoved in the corresponding supernatant,

with respect to the pH measured in ALA solution ahé-MSN supernatant.

2.4 CONCLUSIONS

Mesoporous nanoparticles bearing different surfacetionalization were proposed as host
carrier for the loading and stabilization of ALAW® different surface features were explored:
native silanol groups exposed by unmodified mesmponanoparticles and amino groups
exposed by mesoporous nanoparticles modified kigg with aminopropyltriethoxysilane.
Water was found to be a good solvent for the loggirocedure, without any adjustment of pH
needed, as ALA was stable in the loading envirorinmegspective of the functionalization
borne by the mesoporous nanoparticles employedsts inmodified mesoporous
nanoparticles were found to be a host system ewgstive stability of ALA and its availability
as PplX precursor. Silica surfaces exposing aminags were found to strongly favour the
dimerisation of ALA to the derived compound pyrazi5-dipropionic acid which is
considered to be the major degradation productiatad solutions and it is no longer active as

precursor of PplX.
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